The role of thermal-driven buoyancy flow in the steady macro-solidification process of a continuous slab caster and its effect on the predicted flow and temperature distribution are discussed by combining the non-dimensional analysis and the predicted results obtained from a steady three-dimensional coupled fluid flow, heat transfer and macro-solidification model. Results show that the relative strength among the thermal-driven buoyancy flow, the forced flow caused by the SEN impinging jet and the fluid flow through the porous matrix of mushy-zone continuously changes. The strength of thermal-driven buoyancy flow in the mold and sub-mold zone of slab caster is dependent on the characteristic flow velocity, temperature difference and the porosity-permeability ratio relation. The convection flow caused by thermal buoyancy at liquidus temperature of steel can result in the occurrence of local turbulence. The obvious effect zone of the thermal buoyancy flow on the predicted flow and temperature is in the region where the forced flow has become inferior and the mushy porous flow does not play a dominant role.
Introduction
In recent years, with the high cost of empirical investigation and the increasing power of computer hardware and software, computational simulation has enabled researchers to focus on some unknown or neglected phenomena before in the continuous casting process of steel. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] For example, the thermal-driven buoyancy flow (also called natural convection, thermal convection or non-isothermal flow in some papers) in tundish and ladle with large volume capacity of liquid steel has been widely studied. [11] [12] [13] [14] It is thought that non-isothermal flow has an obvious influence on the temperature distribution and inclusion removal in tundish and ladle. Then, what about the thermal-driven buoyancy flow in the mold and sub-mold zone where the temperature differences are the same because of heat transfer and macrosolidification?
Under the assumption that the boundary temperature is the liquidus temperature and the computation domain limits the liquid pool, X. Huang et al. 15) were the first to evaluate the relative strength between the forced flow and thermalbuoyancy flow by the modified Froude number. They thought the liquid steel flow and the accompanying temperature distribution in the mold were mainly controlled by the forced flow and the effect of thermal buoyancy flow could thus be ignored. Adopting analogous method, Yang et al. 16) thought that thermal buoyancy flow would dominate the mushy zone. However, due to not considering the effect of the inter-dendritic resistance force in the mushy zone on the flow as the solidification advances, the thermal buoyancy flow may be exaggerated. Aboutalebi et al. 17) developed a steady 2-D flow and solidification model and studied the effect of natural convection on the predicted velocity distribution in a slab caster, but the 2-D numerical model underpredicted the heat transfer of slab strand and possibly affected the accuracy evaluation of thermal buoyancy flow. 18) In this paper, a steady three-dimensional coupled fluid flow and macro-solidification model is established and the obtained results from the model are combined into a known non-dimensional formula to discuss the role of thermal buoyancy flow and its influence on the predicted flow and temperature distribution in the steady macro-solidification process of continuous slab casting of steel. It is expected that this will provide additional insights into the role of thermal buoyancy flow in mathematical model development on continuous casting of steel.
Computational Models

Mathematical Models
Before giving the following basic equations governing the fluid flow and heat transfer and macro-solidification in the continuous casting of steel, some important assumptions about the complex casting system must be noted. 1) The model is based on the steady continuum model which uses a fixed grid numerical modeling methodology to treat, with convection-diffusion, mushy region phase-change problems, 19) A Darcy's Law-type of porous media treatment 18, 19) is utilized to account for the effect of phase change on convection.
2) The density and specific heat of liquid steel and solid steel is regarded as the constant value and Boussenisque's approximation is used to consider the thermal-driven buoyancy flow. 3) The low-Reynolds number k-e turbulent model of Lam and Bremhorst is utilized to consider the turbulent flow in the mold. 20) Continuity equation: 
Boundary Conditions
All general initial and boundary conditions for simulation on a continuous slab caster have been noted in several references. 18, 22) The specified coordinate and grid system for a given caster in the present study is shown in Fig. 1 . The geometrical parameters and operating conditions of this caster are summarized in Table 1 . The value of the Darcy coefficient is adopted in concert with the work of Seyedein et al. 18) and the values of various turbulent constants are assigned by the reference. 23) It is very difficult to determine the mold heat flux due to the existing gas gap between the mold and the shell. A simple local heat flux formulation obtained by the measurement of the mold water volume and water temperature difference between the inflow and the outflow of cooling water is employed, as given by:
At the strand surface below the mold, the values of heat transfer flux from the strand surface to the environment are governed by combination of three heat-transfer mechanisms: conduction, convection and radiation. Therefore, it is very difficult to decide the combined heat-transfer coefficient and a trial and error study procedure is adopted, which can be simply outlined as follows: 1) the known spray cooling water volume obtained from the plant's database is inputted into the known empirical or semi-empirical formulations 24) to calculate the combined heat transfer coefficient in different segments of the caster; 2) the heat transfer coefficient is used as the boundary condition to obtain the calculated surface temperature; 3) comparison with the measured surface temperature is done. If the predicted surface temperature is in good agreement with the measured surface temperature, the established model will calculate the solidification shell thickness and the solidification vs. time curve. If not, modification to the coefficient from empirical and semi-empirical formulation is made and the first procedure step (1) is repeated until agreement is reached; 4) the measured break-out shell thickness in the mold and the solidification coefficient obtained by "pin-shooting" are used to verify the validity of the established model by comparison with the calculated results. The detailed measurement and spray cooling conditions in Wuyang Iron & Steel plants are given elsewhere. 25) 
Numerical Methods
The transport equations described above were converted into algebraic equations by using control-volume method, assembled and solved simultaneously by a general purpose commercial code PHOENICS, marked by CHAM, UK. A non-uniform grid system of 16ϫ27ϫ59 was adopted in the present study. The solution was confirmed to be adequate (within 5 %) by performing simulations with high spatial resolutions. The iteration loop was terminated when the sum of the residuals for each calculated variable was less than 10
Ϫ3 and the absolute value of energy balance was within 0.1 % of the total storage energy in the computational domain. Figure 2 shows the comparison between the predicted and measured surface temperature in a given slab caster in Wuyang Iron & Steel plants. It can be seen that the predicted surface temperature obtained by the modified empirical formulation basically reflects the measured temperature distribution under practical production conditions and can be used to verify the model. Figure 3 shows good agreement for the measured "break-out" shell thickness and calculated shell thickness in the mold when the solid fractions are set to 0.67 which corresponds to the study of Sai et al. 26) The solidification vs. time curve obtained by the measured shell thickness against solidification time is shown in Fig. 4(a) . As a comparison, the corresponding predicted solidification vs. time curve is presented in Fig. 4(b) . It was found that the range of predicted solidification coefficient is 22.6-24.6, which is in agreement with the measured results. Figure 5(a) indicates the predicted temperature field on the vertical centrally symmetric plane parallel to the wide face, which presents the same temperature distribution tendency as the results obtained by Offerman 27) (see Fig. 5(b) ) and Seyedein et al. 18) Therefore, it is reasonable to conclude that the established numerical model can be used to study the role of the thermal-driven buoyancy flow in the mold and sub-mold. 
Results and Discussion
Verification of the Calculated Results
Comparison between Thermal-driven Buoyancy Flow and the Forced Flow Induced by the SEN Impinging Jet
In the present study, Gr/Re 2 is introduced to determine the importance of buoyancy-driven convection and forced flow caused by the SEN impinging jet, as given by For continuous slab caster, the advancement of steady macro-solidification is mainly from upstream to downstream along the longitudinal direction and from the narrow face to the center of the strand along the lateral direction, so the thermal buoyancy-driven flow generally occurs in the lateral direction; L c is selected as the width of the strand. The value of characteristic velocity of convection heat transfer (u c ) is specified by the predicted average velocity in a given zone. In view of the predicted temperature and velocity distribution results from the model (see Fig. 6 ), we expect to find that in the jet impinging zone Gr/Re 2 is about 0.15 (m c ϭ0.3 m/s, DT c ϭ15°C) and in the influence zone of SEN impinging zone this ratio is about 0.46 (u c ϭ0.1 m/s, DT c ϭ5°C). However, for the mushy zone and the region away from the meniscus where the forced flow induced by the SEN impinging jet became inferior and the inter-dendritic resistance force doesn't play a dominant (u c ϭ 0.015 m/s, DT c ϭ5°C), the ratio is more than 1.0. This means that thermal buoyancy-driven convection in these regions cannot be ignored. From the above analysis, it can be seen that the importance of thermal-driven buoyancy flow and the forced flow induced by SEN impinging jet are strongly dependent on the change in characteristic flow velocity and temperature difference in the macro-solidification process. With the development of solidification, the fluid flow through the porous matrix of the mushy-zone will affect the importance of the buoyancy-driven flow, which is presented in Sec. 3.5.
Local Convection Strength Caused by Thermal
Buoyancy Flow The thermal Reyleigh number Ra T can be applied to evaluate the local convection strength in the mold and submold, written as: The density difference between liquid steel and solid steel is 1-3 %, so is estimated to be of the order of 10 9 -10 10 , which is well within the turbulent regime. It has been shown that thermal buoyancy force near liquidus temperature can also result in the local turbulent convection in the mold and sub-mold, except for the k-e turbulent flow induced by the SEN impinging jet. As a result, it is necessary to adopt the general turbulent model equations to describe the local turbulence features caused by the thermal buoyancy force.
Relative Importance of the Inter-dendritic Convection and Thermal-driven Buoyancy Flow
In the present study, the Darcy term in the momentum equations provides extra resistance to flow while the liquid transforms into the solid phase. The phase change will affect the convection flow in the mushy zone including thermal-driven buoyancy flow with the progress of solidification.
We start by defining the following dimensionless quantities in combination with the non-dimensionalized analysis zone shown in We can re-formulate the momentum equation Eq. (2) in terms of these quantities by using the above definitions to replace the physical variables. The dimensionless momen- With regard to the flow accompanying solidification in the mold, the above dimensionless numbers are not fully suitable for all the regions in the solidification process. The following assumptions are made to discuss the special flow zone: 1) it is regarded that the above dimensionless numbers can be used in the mushy zone; 2) due to the longer mushy zone in the continuous casting of steel, the parameter d in Eq. (8.7) is controlled by the extension length of the mushy zone. In this discussion, it is assumed as 3.0 m where the solid fraction is in the range of 0.05 (see Fig. 6 ) and the viscosity has not obviously changed near the liquidus temperature. If we select K 0 ϭ5.55 EϪ11 m 2 , the calculated dimensionless number is shown in Fig. 8 . It can be seen that at a small solid fraction, the extra resistance force provided by the Darcy term possibly quickly exceeds the thermal and solute buoyancy force. Because the relationship between porosity-permeability and solid fraction dominates the Darcy term, it is obvious that the relative importance of the thermal-driven buoyancy force is also dependent on the porosity-permeability ratio relation. Further research should be done to determine the accurate relationship between the porosity permeability and solid fraction for simulation.
Effect of Thermal-driven Buoyancy Flows on the Predicted Velocity and Temperature Distribution
The predicted axial velocity along the symmetric centerline at various transverse cross-sectional planes with and without buoyancy flow is shown in Fig. 9 . It was found that with buoyancy, the predicted axial downward velocity close to the mushy zone at narrow face (NF) and reverse upward velocity close to liquid zone at the centerline (CL) are more than that without buoyancy. This can be explained by the density change with the progress of solidification. Fig. 9(b) shows that with buoyancy, there is a large axial velocity though it has approached casting speed as if without buoyancy. This means that thermal-driven buoyancy flow will increase the predicted recirculation zone range, which is in agreement with the results from Aboutalebi et al. Figure 10 shows the temperature distribution on the vertical centrally symmetric plane parallel to the wide face with and without buoyancy. It can be seen that the effect of thermal buoyancy on the predicted temperature distribution changes as solidification progresses. The effect of thermal buoyancy is appreciable in the sub-mold region (below 1.20 m from the meniscus in the present given slab caster). The thermal liquid steel is transported to the deeper liquid pool, while the effect of thermal buoyancy can be negligible in the strong turbulent convection zone. With the increase of solid fraction, the porous media flow works (below 2.80 m from the meniscus) and the difference between the predicted temperature with and without buoyancy gradually decreases, which corresponds to the dimensionless analyses result from Sec. 3.4.
17)
Conclusions
In this study, the role of thermal-driven buoyancy flow occurred in the steady macro-solidification process of a continuous slab caster. Its effect on the predicted flow and temperature distribution are discussed using non-dimensional analysis, along with the predicted results from a steady three-dimensional coupled fluid flow. It was found that the strength of thermal-driven buoyancy flow in the mold and sub-mold zone of slab casters was dependent on the characteristic flow velocity, temperature difference and the porosity-permeability ratio relation. The importance of thermal buoyancy flow will change as solidification progresses. In the impinging jet zone of the upper caster, it was shown that the ratio Gr/Re 2 in the momentum equation is about 0.15. Non-isothermal convection (viz. thermal buoyancy flow) seems to be negligible compared with forced flow. In the other zone of the caster, where forced flow is very weak, it is possible for the ratio Gr/Re 2 to be above 1, which shows that thermal-driven buoyancy can dominate over forced flow. However, when dealing with the flow in the mushy zone, it is necessary to consider the effect of the porous media flow on the strength of thermal buoyancy. The Rayleigh number (10 9 - 10 10 ) shows that near the liquidus temperature, thermal-driven buoyancy can induce the turbulent flow. Incorporating the buoyancy effect will result in an increase in the axial downward velocity near the solidified shell and the axial reverse upward flow, and a larger downward recirculation zone. The effect of thermal buoyancy on the predicted temperature distribution changes as solidification progresses. The obvious effect zone of the thermal buoyancy flow on the predicted temperature is in the region where the forced flow has become inferior and the mushy porous flow does not play a dominant role. 
Nomenclature
